After chemotherapy for the treatment of metastatic bladder urothelial carcinoma (UC), most patients inevitably encounter drug resistance and resultant treatment failure. Deubiquitinating enzymes (DUBs) remove ubiquitin from target proteins and play a critical role in maintaining protein homeostasis. This study investigated the antitumor effect of PR-619, a DUBs inhibitor, in combination with cisplatin, for bladder UC treatment. Our results showed that PR-619 effectively induced doseand time-dependent cytotoxicity, apoptosis, and ER-stress related apoptosis in human UC (T24 and BFTC-905) cells. Additionally, co-treatment of PR-619 with cisplatin potentiated cisplatin-induced cytotoxicity in UC cells and was accompanied by the concurrent suppression of Bcl-2. We also proved that Bcl-2 overexpression is related to the chemo-resistant status in patients with metastatic UC by immunohistochemistry (IHC) staining. In a xenograft mice model, we confirmed that PR-619 enhanced the antitumor effect of cisplatin on cisplatin-naïve and cisplatin-resistant UCs. Our results demonstrated that PR-619 effectively enhanced the cisplatin-induced antitumor effect via concurrent suppression of the Bcl-2 level. These findings provide promising insight for developing a therapeutic strategy for UC treatment.
Introduction
Bladder urothelial carcinoma (UC) is the sixth most common cancer in the United States, with approximately 80,470 predicted new cases in 2019 according to the American Cancer Society [1] . Despite radical cystectomy, approximately 50% of cases of high-grade and muscle-invasive bladder UC progress to metastatic diseases. The mainstay of metastatic bladder UC treatment is cisplatin-based chemotherapy [2] . However, chemotherapy provides an approximately 50% response rate, with a 20% five-year survival rate [3, 4] . Most patients experience relapse and resultant mortality due to drug
Immunohistochemistry (IHC) in Human UC Specimens
Formalin-fixed, paraffin-embedded tissue blocks, and fresh UC specimens from six patients with metastatic bladder UC were collected from patients who had received systemic chemotherapy with gemcitabine and cisplatin. Among them, three were defined as chemo-resistant because of disease progression during chemotherapy, while three were defined as chemo-sensitive due to being responsive to chemotherapy. IHC staining by Bcl-2 antibodies was performed as previously described on 5 µm sections of formalin-fixed, paraffin-embedded specimens. The board-certified uro-oncology specialist pathologist (Lin W.C), who was unaware of the clinical data, evaluated the immunoreactivity of Bcl-2 and determined the IHC score. The staining intensity was categorized as zero (negative), one (weak staining), two (moderate staining), or three (strong staining). The mean percentage of positivity in tumor cells was determined by counting at least 10 random fields at both 40 and 400 magnification. The IHC score was calculated by multiplying the intensity score by the positive staining. Meanwhile, the study involved human participants so was approved by the institutional research ethics committee (No. 201901032RINB).
In Vivo Xenograft Experiments
Cells (5 × 10 5 ) were suspended in 100 µL of serum-free media and mixed with an equivalent volume of Matrigel (BD Biosciences). The aforementioned mixture was subcutaneously injected into the dorsal flanks of 6-8 weeks old nude mice (obtained from the Taiwan National Laboratory Animal Center, Taipei, Taiwan). Once the tumors grew to 100-150 mm 3 , mice were intraperitoneally treated with PR-619 (10 mg/kg/day, n = 5), cisplatin (10 mg/kg, three times/week, n = 5), or the combination of cisplatin with PR-619 (n = 5) for three weeks. The tumor sizes were measured using calipers every week. The tumor volume was calculated as follows: Longest tumor diameter × (shortest tumor diameter) 2 /2. Tumors were abscised and photographed. The study involving animal experiments complied with the ARRIVE guidelines and was approved by the National Taiwan University College of Medicine and College of Public Health Institutional Animal Care and Use Committee (IACUC, No. 20180483).
Statistical Analysis
Statistical analyses were performed using the GraphPad Prism 6 software, with all data being presented as means ± standard deviations or standard errors of the means. Data with two groups were analyzed by a two-tailed Student's t-test, and data with multiple groups were analyzed by one-way ANOVA, followed by Bonferroni's post-hoc test. p < 0.05 was considered statistically significant.
Results

PR-619 Induced Cytotoxicity and Apoptosis in Human UC Cells in a Dose-dependent and Time-Dependent Manner
We first investigated the effects of PR-619 (3-15 µM) on the viability of human UC cells (T24 and BFTC-905) at 24 h, 48 h, and 72 h, respectively. As illustrated in Figure 1A ,B, PR-619 effectively induced cytotoxicity and apoptosis in both T24 and BFTC cells in a dose-and time-dependent manner. Additionally, we found that PR-619 induced cytotoxicity in low-grade RT-4 UC cells and cisplatin-resistant UC cells (T24/R) in a dose-and time-dependent manner (Figures S1 and S2). We also overserved less cytotoxicity of PR-619 on SV-HUC-1 cell line, which is a neoplastic transformation of SV40-immortalized human urothelial cell line ( Figure S3 ). 
PR-619 Induced ER Stress and ER-Stress Related Apoptosis in Human UC Cells.
The regulatory mechanisms of apoptosis depend on the balanced action between ubiquitination and deubiquitination systems. DUBs play essential roles in modulating the process of apoptosis. 
PR-619 Induced ER Stress and ER-Stress Related Apoptosis in Human UC Cells
The regulatory mechanisms of apoptosis depend on the balanced action between ubiquitination and deubiquitination systems. DUBs play essential roles in modulating the process of apoptosis. Furthermore, we examined the apoptotic effect of PR-619 (5, 7.5, and 10 µM) on T24 and BFTC-905 cells. Our results show that PR-619 induced polyubiquitination, Bcl-2 downregulation, and concurrent PARP cleavage in a dose-dependent manner (Figure 2A ,B). Furthermore, we examined the apoptotic effect of PR-619 (5, 7.5, and 10 μM) on T24 and BFTC-905 cells. Our results show that PR-619 induced polyubiquitination, Bcl-2 downregulation, and concurrent PARP cleavage in a dose-dependent manner (Figure 2A,B ). In addition to the apoptotic effect of PR-619 on UC cells, the endoplasmic reticulum (ER)-stressrelated apoptosis proteins (CHOP and caspase-4) increased after PR-619 treatment. Consistently, the ER stress-related chaperon protein, GRP78, increased after PR-619 treatment. We assumed that PR-619 disturbed protein homeostasis of UC cells and induced ER stress, followed by apoptosis in UC cells. In addition to the apoptotic effect of PR-619 on UC cells, the endoplasmic reticulum (ER)-stress-related apoptosis proteins (CHOP and caspase-4) increased after PR-619 treatment. Consistently, the ER stress-related chaperon protein, GRP78, increased after PR-619 treatment. We assumed that PR-619 disturbed protein homeostasis of UC cells and induced ER stress, followed by apoptosis in UC cells.
PR-619 Induced G0/G1 Arrest in UC Cells
We examined the effect of PR-619 on the cell cycle progression of human UC cells. Flow cytometry analysis showed that PR-619-treated (7.5 µM) UC cells were blocked in the G0/G1 phase after 24 h ( Figure 3A,B ). UC cells treated by 7.5 uM PR-619 for 24 h decreased phospho-Histone H3 (Ser10); meanwhile, increased p21, a cyclin-dependent kinase (CDK) inhibitor, and phospho-CDK2 (Tyr15), a G0/G1 arrest marker, in both UC cells. All these results consistently indicated that PR-619 induced G0/G1 arrest in UC cells ( Figure 3C ). 
We examined the effect of PR-619 on the cell cycle progression of human UC cells. Flow cytometry analysis showed that PR-619-treated (7.5 μM) UC cells were blocked in the G0/G1 phase after 24 h ( Figure 3A,B ). UC cells treated by 7.5 uM PR-619 for 24 h decreased phospho-Histone H3 (Ser10); meanwhile, increased p21, a cyclin-dependent kinase (CDK) inhibitor, and phospho-CDK2 (Tyr15), a G0/G1 arrest marker, in both UC cells. All these results consistently indicated that PR-619 induced G0/G1 arrest in UC cells. ( Figure 3C ). 
PR-619 Enhanced Cisplatin-Induced Cytotoxicity in Human UC Cells
We then examined the apoptotic effect of cisplatin (15 μM), PR-619 (7.5 μM), or in combination on T24 and BFTC-905 cells at 24 h. The data are presented in Figure 4 . PR-619 in combination with 
We then examined the apoptotic effect of cisplatin (15 µM), PR-619 (7.5 µM), or in combination on T24 and BFTC-905 cells at 24 h. The data are presented in Figure 4 . PR-619 in combination with cisplatin significantly potentiated apoptosis compared to that of cisplatin alone ( Figure 4A -C). Western blotting showed that PR-619 in combination with cisplatin suppressed the cisplatin-induced overexpression of Bcl-2, an anti-apoptotic regulator. These data consistently indicated that PR-619 potentiated the apoptotic effect of cisplatin on UC cells. We also found that ABT-199, a Bcl-2 inhibitor, elucidated limited impact on the cytotoxicity of PR-619. This data indicated that suppression of Bcl-2 is essential for PR-619-induced cytotoxicity in UC cells ( Figure S4 ). Additionally, T24 and BFTC-905 cells treated with PR-619 in combination with cisplatin at a 1:2 ratio for 24 h showed that PR-619 enhanced cisplatin-induced cytotoxicity (Figure 4G,H) . Western blotting showed that PR-619 in combination with cisplatin suppressed the cisplatin-induced overexpression of Bcl-2, an anti-apoptotic regulator. These data consistently indicated that PR-619 potentiated the apoptotic effect of cisplatin on UC cells. We also found that ABT-199, a Bcl-2 inhibitor, elucidated limited impact on the cytotoxicity of PR-619. This data indicated that suppression of Bcl-2 is essential for PR-619-induced cytotoxicity in UC cells ( Figure S4 ). Additionally, T24 and BFTC-905 cells treated with PR-619 in combination with cisplatin at a 1:2 ratio for 24 h showed that PR-619 enhanced cisplatin-induced cytotoxicity (Figure 4G,H) . and (H) BFTC-905 were exposed to cisplatin in combination with PR-619 at a 2:1 ratio for 24 h. Cell viability was determined using MTT assays. The median-effect plot, dose-effect plot, and combination index (CI) plot of PR-619 in combination with cisplatin were presented. CI values of less than one, equal to one, and greater than one were defined as synergistic, additive, and antagonistic, respectively.
Overexpression of Bcl-2 Was Associated with Chemotherapy Resistance in Patients with Metastatic UC
We then examined the expression of Bcl-2 in bladder UC tissue samples from six patients with metastatic UC who had received systemic chemotherapy with a gemcitabine and cisplatin regimen by IHC staining. Among them, three chemo-sensitive and three chemo-resistant UC tumors were included. As is shown in Figure 5 , the immunoreactivity of Bcl-2 in chemo-resistant UCs (lower part) was stronger compared to that in chemo-sensitive UCs (upper part). The IHC score is shown in Figure  S5 . Consistent with previous studies, our results supported that Bcl-2 overexpression was associated with chemotherapy resistance in UC [19] . BFTC-905 were exposed to cisplatin in combination with PR-619 at a 2:1 ratio for 24 h. Cell viability was determined using MTT assays. The median-effect plot, dose-effect plot, and combination index (CI) plot of PR-619 in combination with cisplatin were presented. CI values of less than one, equal to one, and greater than one were defined as synergistic, additive, and antagonistic, respectively.
We then examined the expression of Bcl-2 in bladder UC tissue samples from six patients with metastatic UC who had received systemic chemotherapy with a gemcitabine and cisplatin regimen by IHC staining. Among them, three chemo-sensitive and three chemo-resistant UC tumors were included. As is shown in Figure 5 , the immunoreactivity of Bcl-2 in chemo-resistant UCs (lower part) was stronger compared to that in chemo-sensitive UCs (upper part). The IHC score is shown in Figure  S5 . Consistent with previous studies, our results supported that Bcl-2 overexpression was associated with chemotherapy resistance in UC [19] . 
PR-619 Enhanced the Antitumor Effect of Cisplatin on a Cisplatin-Naïve and Cisplatin-Resistant UC Xenograft of Nude Mice
We evaluated the antitumor effects of treatment with cisplatin, PR-619, or combined treatment with cisplatin and PR-619 in vivo by using a xenograft mouse model. T24 and BFTC-905UC cells were mixed with Matrigel and injected subcutaneously into flanks of nude mice. As we described in the 
We evaluated the antitumor effects of treatment with cisplatin, PR-619, or combined treatment with cisplatin and PR-619 in vivo by using a xenograft mouse model. T24 and BFTC-905UC cells were mixed with Matrigel and injected subcutaneously into flanks of nude mice. As we described in the Methods section, mice were divided into four groups based on different treatment: DMSO (control, n = 5), cisplatin (n = 5), PR-619 (10 mg/kg/day, n = 5), or cisplatin combined with PR-619 (n = 5) for three weeks. Combined treatment with cisplatin and PR-619 showed the most significant antitumor effect on xenograft tumors of both T24 and BFTC-905 compared to single agent (cisplatin or PR-619) treatment ( Figure 6A,B) . In addition to drug combination treatment for improving the efficacy of chemotherapy, a novel agent for circumventing cisplatin resistance provided other solutions for this clinically unsolved issue. We further examined the antitumor effect of PR-619 on cisplatin-resistant UCs (T24/R) in vitro and in vivo. PR-619 induced cytotoxicity and apoptosis in a dose-dependent manner after 24 h treatment. The in vivo data exhibited using the xenograft mice model showed that PR-619 (10 mg/kg/day) inhibited tumor growth during a 28-day period of treatment ( Figure S2 ). Methods section, mice were divided into four groups based on different treatment: DMSO (control, n = 5), cisplatin (n = 5), PR-619 (10 mg/kg/day, n = 5), or cisplatin combined with PR-619 (n = 5) for three weeks. Combined treatment with cisplatin and PR-619 showed the most significant antitumor effect on xenograft tumors of both T24 and BFTC-905 compared to single agent (cisplatin or PR-619) treatment ( Figure 6A,B) . In addition to drug combination treatment for improving the efficacy of chemotherapy, a novel agent for circumventing cisplatin resistance provided other solutions for this clinically unsolved issue. We further examined the antitumor effect of PR-619 on cisplatin-resistant UCs (T24/R) in vitro and in vivo. PR-619 induced cytotoxicity and apoptosis in a dose-dependent manner after 24 h treatment. The in vivo data exhibited using the xenograft mice model showed that PR-619 (10 mg/kg/day) inhibited tumor growth during a 28-day period of treatment ( Figure S2 ). 
Discussion
Cisplatin is still the primary constituent of standard chemotherapeutic regimens for the treatment of metastatic UCs. However, its toxicity and the emergence of drug resistance have compromised its therapeutic efficacy. The use of combined therapies without overlapping toxicities to target alternative pathways to overcome drug resistance or improve therapeutic efficacy has been widely applied in cancer treatment. In this study, we demonstrated that the DUB inhibitor, PR-619, exhibited an antitumor effect on human UCs and cisplatin-resistant UCs. PR-619 enhanced cisplatininduced cytotoxicity in UCs.
Ubiquitination of proteins plays a key role in signal transduction pathways and mediates protein stability [20] . DUBs remove ubiquitin chains from post-translationally-modified proteins that play a key role in maintaining protein homeostasis. PR-619 was previously shown to exert a broad DUB- 
Cisplatin is still the primary constituent of standard chemotherapeutic regimens for the treatment of metastatic UCs. However, its toxicity and the emergence of drug resistance have compromised its therapeutic efficacy. The use of combined therapies without overlapping toxicities to target alternative pathways to overcome drug resistance or improve therapeutic efficacy has been widely applied in cancer treatment. In this study, we demonstrated that the DUB inhibitor, PR-619, exhibited an antitumor effect on human UCs and cisplatin-resistant UCs. PR-619 enhanced cisplatin-induced cytotoxicity in UCs.
Ubiquitination of proteins plays a key role in signal transduction pathways and mediates protein stability [20] . DUBs remove ubiquitin chains from post-translationally-modified proteins that play a key role in maintaining protein homeostasis. PR-619 was previously shown to exert a broad DUB-inhibitory profile in living cells, resulting in an accumulation of polyubiquitinated proteins and 26S proteasome complexes [21] . Bladder UCs have been confirmed to possess significant genomic instability and a high mutation burden, which made UC cells tend to develop drug resistance followed by selective pressure during anti-cancer treatment.
Nevertheless, bladder UCs are good candidates for DUB inhibitor treatment. Approximately 76% of all primary bladder tumors display mutations in at least one chromatin regulatory gene [22] . In our unpublished data, bladder UC showed high ER stress and an unfolded protein response. Targeting the pathway to disturb protein homeostasis and potentiate ER stress is considered a promising strategy for UC treatment. The present study confirmed our assumption [15, 17, 23] .
Bcl-2 (B-cell lymphoma 2), a member of the Bcl-2 family, regulates cell death, apoptosis, by either inhibiting anti-apoptotic or inducing pro-apoptotic factors [24] . Bcl-2 family proteins also participate in the regulation of many vital cellular functions [25] , and play a central role in the regulation of apoptosis machinery and its correct functioning, which is a key element in the effectiveness of current anti-cancer treatments [26] . Bcl-2 over-expression is related to enhanced apoptosis evasion [27] and resistance to chemotherapy [19] . Cancer cell sensitivity to chemotherapy depends on the expression level of anti-apoptotic proteins, as well as the activity of apoptotic pathways in response to death signals [28] . Apoptosis evasion via Bcl-2 or other anti-apoptotic proteins overexpression has become a promising target for new therapeutic strategy [29] . Strategies to inhibit Bcl-2-like proteins has led to the development of a series of small molecules that bind to the hydrophobic cleft of Bcl-2-proteins [30] , which are currently under investigation of clinical and preclinical stages.
Our study also supported the phenomenon that PR-619 enhanced cisplatin-induced cytotoxicity with the concurrent suppression of Bcl-2. The aberrant Bcl-2 expression in UC cells after chemotherapy provides a reason to develop Bcl-2-targeting strategies to improve clinical outcomes. In this regard, further study on the evolving field of personalized precision medicine approaches coupled with molecular biology studies focused on Bcl-2-related pathways is warranted.
Conclusions
In summary, PR-619 enhances the cytotoxicity of cisplatin and effectively inhibits the tumor growth of cisplatin-resistant UC. The aberrant expression of Bcl-2 related to chemotherapy provides a promising target to find out a strategy to improve the therapeutic efficacy and circumvent chemotherapy in human UCs.
Supplementary Materials:
The following are available online at http://www.mdpi.com/2073-4409/8/10/1268/s1: Figure S1 . PR-619 induced cytotoxicity in low-grade UC RT-4 cells in a dose-dependent and time-dependent manner. RT-4 cells were treated with various concentrations of PR-619 (3-15 µM) for 24 h, 48 h, and 72 h, respectively. Cell viability was assessed using the MTT assay; Figure S2 . PR-619 effectively inhibited the cell viability and tumor growth of cisplatin-resistant UC (T24/R) in vitro and in vivo. (A) T24/R cells were treated with various concentrations of PR-619 (10-50 µM) for 24 h. Cell viability was assessed using the MTT assay. (B) T24/R cells were treated with various concentrations of PR-619 (5, 10, and 15 µM) and DMSO for 24 h. Apoptotic cells were analyzed through FACS flow cytometry with propidium iodide and annexin V-FITC staining. The quantitative analyses of apoptosis are presented as the means ± SD.; * p < 0.05 compared with the control. (C) Nude mice bearing a cisplatin-resistant T24/R tumor xenograft over the bilateral flank area were treated with DMSO in normal saline (control, n = 5) or PR-619 (10 mg/kg/day, i.p. (n = 5)) for four weeks. Tumor images represent excised tumors from two groups. Weekly tumor volume for each group during the four-week treatment. The tumor volume and weight in both groups after four-week treatment are demonstrated. The data are presented as means ± standard error of the mean; Figure S3 . PR-619 elicited selective cytotoxic effects on UC cells compared to those on simian virus 40-transformed and immortalized human urothelial (SV-HUC-1) cells. SV-HUC-1 cells were treated with various concentrations of PR-619 (3-15 µM) for 24 h, 48 h, and 72 h, respectively. Cell viability was assessed using the MTT assay; Figure S4 . ABT-199, a Bcl-2 inhibitor elucidated limited impact on the cytotoxicity of PR-619. T24 and BFTC-905 cells were treated with various concentrations of ABT-199 (10 µM), cisplatin (10 µM), PR-619 (7.5 µM), alone or in combination for 24 h. Cell viability was assessed using MTT assay. Data were presented as the means ± SD. All results shown are representative of at least three independent experiments. Figure S5 . IHC score for measuring the immunoreactivity of Bcl-2 in bladder UC tissue samples from patients with metastatic UC with a chemo-resistant compared to chemo-sensitive status. The method used to estimate the IHC score was described in the Materials and Methods section.
